Nordihydroguaiaretic acid (NDGA), a lignan found in vegetables, fruits and legumin, has been shown to possess antineoplastic, antiviral and antioxidant characteristics. In this study, we examined the effect of NDGA on melanogenesis in human melanoma cells (HMVII). In vitro, NDGA does not alter mushroom tyrosinase activity. However, in NDGA-treated HMVII cells, cellular tyrosinase activity increased in both a time-and dose-dependent manner. The concomitant increases in melanin content in NDGA-treated cells indicated an elevation of melanin synthesis by tyrosinase activation. In addition, after a 7-day incubation, melanin content in 20 μM NDGA-treated cells increased 5.02 fold. Tyrosinase protein also increased by treatment with NDGA. Nevertheless, tyrosinase mRNA was not altered in NDGA-treated cells. Our results suggest that NDGA can increase tyrosinase activity and de novo synthesis of melanin in human melanoma cells. We found that NDGA is a novel potent stimulator of melanogenesis in human melanoma cells.
I. Introduction
A phenolic lignan, nordihydroguaiaretic acid (NDGA), long known as a natural product, is distributed widely in the plant kingdom. NDGA was originally extracted from Larrea divaricata shrubs and used as an antioxidant in processed meat, dairy products and baked goods [33] . NDGA exhibits a broad range of biological properties including anti-tumor, anti-viral and anti-oxidant properties [10, 13, 22] .
NDGA has a polyphenolic structure, as do flavonoids, such as quercetin and epigallocatechin. Quercetin and epigallocatechin possess the regulatory effects of mushroom tyrosinase in vitro [4, 31] . Furthermore, we demonstrated that quercetin has a melanogenic effect on a human melanoma cell line of vagina II (HMV-II), a three-dimensional human epidermal model, and hair follicles of the mouse [28, 37, 38] . However, no study on melanogenesis regulation by NDGA at the cellular level has been reported. To regulate melanogenesis, cells are equipped with melanogenic enzymes such as tyrosinase, tyrosine-related protein 1 (TRP1) and tyrosinase-related protein-2 (TRP-2). Tyrosinase, the first enzyme described to regulate melanogenesis, initiates melanogenesis by catalyzing the conversion of tyrosine to L-3,4-dihydroxyphenylalanine (DOPA) and dopaquinone. Melanin synthesis is triggered by melanogens, a large group of melanocyte-stimulating factors, such as endothelin-1, α-melanocyte-stimulating hormone (α-MSH), isobutyl-methyl-xanthine (IBMX), ultraviolet light B (UVB) irradiation, 5-methoxypsoralen with UV (PUVA) and histamine [1, 7, 9, 15, 25, 26] . Whether the regulation of those melanogenic enzymes occurs by modulation of synthetic rate of proteins or mRNA levels is not clearly established.
In the present report, we demonstrated that NDGA enhances melanogenesis in HMVII melanoma cells. Our results indicate that treatments with NDGA led to increased tyrosinase activity and de novo synthesis of melanin in HMVII cells. To fully interpret these results, we discuss the regulation of tyrosinase at the levels of expression and enzyme activity.
II. Materials and Methods

Chemicals
Nordihydroguaiaretic acid, mushroom tyrosinase, melanin and L-dopa were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Enzymatic assay of tyrosinase
Tyrosinase activity using L-dopa as the substrate was assayed spectrophotometrically. A 25 μl sample of NDGA was added to the assay mixture containing 5 mM L-dopa solution, 50 mM phosphate buffer (pH 7.4) and 25 μl of 0.6 mg/ml mushroom tyrosinase solution which was added to a 96-well microplate for a total volume of 200 μl. The assay mixture was incubated at 37°C for 10 min. After incubation, the absorbance was measured at 475 nm in a model SPECTRAmax 250 microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Melanoma culture
Melanocytes are specialized cells in the skin that produce melanin, a pigment that is responsible for skin and hair color and that provides protection against ultraviolet (UV) radiation. Melanoma is a malignant tumor arising from the melanocyte lineage [14, 24, 40, 41] . HMVII is a human melanoma cell line that was established from a black-brown malignant melanoma in the vaginal wall [11, 29] . HMVII cells were kindly provided by the RIKEN Cell Bank. HMVII cells were cultured in Ham's F12 medium containing 10% heat-inactivated fetal bovine serum (FBS) in a humidified 37°C atmosphere consisting of 5% CO 2 and 95% air. Cell plating densities were arranged so that those cells were in log phase of growth for the duration of incubation with drug. Subcultures of cells were plated at a density of 4×10 4 cells/cm 2 . Approximately 24 hr later, fresh medium and quercetin were added, and cells were harvested 7 days after drug addition. Tested quercetin was dissolved in dimethylsulfoxide (DMSO). The final DMSO concentration was 0.1% in all experiments (including control) and it had no measurable effect on HMVII cells.
Melanin assay
After washes in phosphate-buffered saline (PBS), cells were detached by short incubation in trypsin/EDTA (0.05%/0.02% in PBS). An aliquot was used for the cell count. The remaining cells were sonicated and incubated overnight in 500 μl 1 M NaOH. Melanin concentration was calculated by comparison of the OD at 475 nm of unknown samples with a standard curve obtained with synthetic melanin.
Assay of cellular tyrosinase activity
Cellular tyrosinase activity using L-dopa as the substrate was assayed by the method of Maeda et al. [23] . Cells were washed with PBS and lysed with 45 μl of 1% Triton X-100-PBS. After sonication, 5 μl of 20 mM L-dopa was added to the wells. The plates were incubated at 37°C for 60 min, and the absorbance was measured at 475 nm in a microplate reader. The absorbance values were compared with a standard curve obtained with mushroom tyrosinase; the standard curve was linear within the range of experimental values.
L-DOPA staining of electrophoresed gels
To identify the amount of L-DOPA-positive tyrosinase and the effect of glycosylation of tyrosinase, L-DOPA staining of the electrophoresed gel was performed as follows. After incubation with quercetin, treated cells were solubilized in 0.1 M sodium phosphate buffer (PB) (pH 6.8) containing 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 μg/ml aprotinin, and 10 μg/ml leupeptin without mercaptoethanol and without heating. Protein content was measured using the Bio-Rad protein assay kit (Bio-Rad. Richmond, CA, USA) with bovine serum albumin (BSA) as a standard. Gels containing tyrosinase activity were placed in a flat-bottom container with 200 ml of rinse buffer (0.1 M PB, pH 6.8) and equilibrated for 30 min at room temperature by gently shaking. The rinse buffer was then drained from the gels and the gels were transferred into 200 ml of staining solution, which contained the rinse buffer supplemented with 5 mM L-DOPA, and incubated in the dark for 30 min at 37°C. Tyrosinase activity was visualized in the gels as dark bands containing DOPA-melanin [21] .
Immunoblot analysis
Cell lysates were solubilized in 2% SDS containing 10% 2-mercaptoethanol, electrophoresed in SDS-10% polyacrylamide gels and then electro-transferred to nitrocellulose membranes [20, 39] . The membranes were blocked with 5% non-fat dry milk and 0.1% Tween 20 in 0.01 M tris-buffered saline (TBS) for 1 hr at room temperature. After 3 washes with TBS containing 0.1% Tween 20 (T-TBS), membranes were incubated with anti-MAT-1 antibody, which recognizes the COOH terminal of tyrosinase (POLA R&D Lab, Yokohama, Japan), 1:250, diluted with TBS containing 5% BSA and 0.1% Tween 20 for 1 hr at room temperature. After 5 washes with T-TBS, the membranes were incubated with horseradish peroxidaseconjugated anti-mouse Ig antibody (Amersham Co. Tokyo, Japan), 1:5000 dilution with T-TBS, for 1 hr at room temperature. After 5 washes with T-PBS, bands were detected by enhanced chemiluminescence method (Amersham Co. Tokyo, Japan).
RNA preparation and northern blot analysis
Total RNA was isolated from cells by the guanidine 204 isothiocyanate-CsCl method [6] . Ten micrograms of total RNA was electrophoresed on 1% agarose gels containing 18% formaldehyde and blotted onto nitrocellulose filters in 10×SSC (1× = 0.15 M NaCl, 0.015 M sodium citrate). cDNA probe for human tyrosinase (pRHOHT2) was generously provided by the RIKEN Gene Bank. Tyrosinase cDNA [36] was labeled with 32 P with a random priming kit (TAKARA BIO INC, Shiga Japan). The cDNA probe for chicken β-actin was used as an internal positive control (housekeeping gene mRNA). The filters were prehybridized at 42°C for 4 hr in a mixture comprising 50% formamide, 0.1% bovine serum albumin, 0.1% Ficoll 400, 0.1% polyvinylpyrrolidone, 5×SSC, 0.1% sodium lauroylsarcosine, 0.05 M sodium phosphate (pH 6.5) and 0.1 mg/ml denatured salmon sperm DNA. Hybridization was performed at 42°C for 18 hr with heat-denatured 32 P-labeled DNA probes in the same solution as described above. Thereafter, they were washed with 2×SSC containing 0.1% SDS at room temperature for 3 times. The total radioactivity of each hybridized band was quantified using a Fujix bio-Image analyzer BAS2000 (Fuji Photo Film Co. Ltd., Tokyo, Japan).
Immunocytochemistry
HMV-II cells were plated on coverslips and cultured for 7 or 14 days in medium containing Lignan. Cells were fixed with 4% PFA-PBS for 10 min, permeabilized with 0.05% Triton X-100 in PBS for 5 min and blocked with 5 mg/ml BSA in PBS for 30 min at room temperature. Cells were incubated with tyrosinase antibody, 1:500, diluted with 1 mg/ml BSA-PBS at 4°C overnight. After 3 washes, the signal was amplified with biotin-conjugated anti-mouse Ig antibody (Fitzgerald Industries, North Acton, MA, USA) and Vectastain ABC-AP kit (Vector Labs, Burlingame, CA, USA). Immunoreactivity was visualized by Fast Red RR Salt (Sigma Aldrich, St Louis, MO, USA) and naphthol AS-BI phosphate disodium salt (Sigma Aldrich) in 0.05 M propanediol buffer (pH 9.8).
III. Results
Effect of NDGA on mushroom tyrosinase activity
We have tested the effect of NDGA on the activity of mushroom tyrosinase using L-DOPA as the substrate. As shown in Figure 1 , NDGA has no direct effect on the activity of mushroom tyrosinase.
Effect of NDGA on melanogenesis in HMVII cells
We examined the effect of NDGA on melanogenesis in HMVII melanoma cells. On treating HMVII cells with 20 μM NDGA for 7 days, there was a striking increase in the average degree of melanization, seen as pigmentation, in the NDGA-treated cultures (Fig. 2) .
The results of quantitative measurements of melanin content are shown in Figure 3 . These results correlate with the visible appearance shown in Figure 2 . In NDGA-treated Effect of NDGA on mushroom tyrosinase activity. Tyrosinase activity was measured using 5 mM L-DOPA as the substrate. Results are expressed as percentage of inhibition with respect to the DMSOtreated control. Bar represents S.D. (Fig. 3a) . In addition, after several days (3, 5 and 7 days) incubation, NDGA-treated cells also markedly increased 1.14, 1.67 and 5.02 fold, respectively (Fig. 3b) .
Effect of NDGA on cellular tyrosinase activity in HMVII cells
To investigate the effects of NDGA on tyrosinase activity, HMVII cells were incubated with various concentrations of NDGA for 7 days prior to harvesting and tyrosinase activity was assayed. Tyrosinase activity of HMVII cells increased in a dose-dependent manner by the addition of NDGA to the culture medium (Fig. 4a) . In NDGAtreated cells, tyrosinase activity significantly increased 4.05 fold at 1 μM (P<0.01), 7.24 fold at 5 μM (P<0.0001), 14 .48 fold at 10 μM (P<0.001) and 36.74 fold at 20 μM (P<0.0001) of drug concentration as compared to DMSOtreated control cells (Fig. 4a) . In 1, 3, 5 and 7 days after NDGA treatment, tyrosinase activity also markedly increased 14.2, 27.9, 31.1 and 36.7 fold, respectively (Fig. 4b) . The DOPA activity staining also showed an upregulation of tyrosinase activity by NDGA treatment in dose-and time-dependent manners (Fig. 5a, b) . 20 μM NDGA-treated cells increased 2.6 fold after 7 days compared to DMSO-treated control cells.
Expression of tyrosinase was increased by NDGA treatment
Immunoblotting of tyrosinase revealed a single band of protein with a molecular weight approximately 70 kD. Immunoblotting analyses indicated that the tyrosinase protein level was increased by NDGA, which correlated well with DOPA reactivity (Fig. 5c, d ).
Effect of NDGA on tyrosinase mRNA expression in HMVII cells
To confirm the immunoblot results, we analyzed tyrosinase mRNA from HMVII cells treated with NDGA (Fig.  6 ). NDGA had little or no effect on tyrosinase mRNA levels after 1-to 5-day incubations. After 7 days, tyrosinase mRNA was hardly detectable compared to the basal and 1-to 5-day NDGA-treated levels. Also, β-actin mRNA was not affected by NDGA in HMVII cells. 
Immunohistochemical study
Immunohistochemistry of tyrosinase was performed. Staining intensity of tyrosinase protein was clearly increased by NDGA treatment (Fig. 7) .
IV. Discussion
In this study, we demonstrated that NDGA increased intracellular melanin content and tyrosinase activity in HMVII melanoma cells. Our results appear unique in that actions of NDGA were manifested in the absence of UV irradiation. In many cases, the actions of 5-methoxypsoralen and 8-methoxypsoralen were active in stimulating melanogenesis in the presence of UV irradiation [19, 26] .
When HMVII melanoma cells were submitted to NDGA over several days, tyrosinase activity and melanin content were stimulated in time-and dose-dependent manners. As compared with control, melanin content was increased about 5.02 fold by treatment with 20 μm NDGA for 7 days. Tyrosinase activity was also increased, to 36.74-fold higher than control. These results may demonstrate that the ratio of melanin formation (M) to tyrosinase activity (T) is low. This is consistent with melanogenesis induced by high concentrations of 5-methoxypsoralen (5-MOP) [25] . A high M/T ratio would suggest a posttyrosinase activation of melanogenesis, whereas a low ratio should reflect the presence of blocking activity [12, 18] . Our results for the M/T ratio suggested that this blocking activity might be suppressed by NDGA with a consequent enhancement of melanogenesis.
There have been reports on the relationship between tyrosinase activity and the tyrosinase mRNA level using α-MSH, PUVA and glucocorticoid [9, 25] . In contrast, the correlation between tyrosinase mRNA and tyrosinase activity has not been demonstrated using PUVA, UV and fatty acid [3, 26, 27] , suggesting that post-transcriptional regulation of tyrosinase and/or other events may play an essential Expression of tyrosinase mRNA after NDGA treatment of HMVII. Cells were treated with NDGA for 1, 3, 5 and 7 days. Total RNA (10 μg) was fractionated on formalin-agarose gels, transferred to nitrocellulose membranes and then hybridized with 32 P-labelled cDNA for human tyrosinase (pRHOHT2) before subsequent hybridization of the same blot with chicken β-actin as a control, as described in Materials and Methods. Stimulation of Melanogenesis by NDGA role in the rate of melanin synthesis. Whether these contradictory results were due to the participation of a preexisting pool of inactive tyrosinase [17] or due to the removal of tyrosinase inhibitor [8] has not been determined yet. An explanation for this apparent discrepancy may be the stability of tyrosinase mRNA. Also, an increase in tyrosinase mRNA may occur early after NDGA treatment, but because of rapid turnover of the transcript may no longer have been detectable 24 hr later when our analysis was performed. To unravel these hypotheses, further studies such as determination of mRNA stability are required.
We found that cellular tyrosinase activity was increased after NDGA treatment of HMVII cells while the mushroom tyrosinase activity was unaffected by NDGA. Our results show specifically that NDGA, like UVA irradiation [7] or other melanogenenic inducers such as MSH or IBMX [9, 17] , involved, at least in part, an increase in de novo synthesis of tyrosinase to enhance melanogenesis in HMVII cells.
It is well known that NDGA possesses scavenging (or quenching) abilities against free radicals and active oxygen species. Postaire et al. reported that antioxidant nutrients such as vitamin E and carotene induced pigmentation in mouse skin [35] . In addition, Jiménez-Cervantes et al. reported that H 2 O 2 inhibited melanogenesis in melanoma cells [16] . Furthermore, in several pathological conditions, like vitiligo, the generation of free radicals and/or the resulting increase in lipid peroxidation products have been proposed as etiological factors for depigmentation [34] . Nakayama et al. reported that NDGA has suppressive effects against cytotoxicity caused by H 2 O 2 [30] . H 2 O 2 suppression by NDGA may play an important role in the modulation of melanogenesis.
Nylander et al. reported that tyrosinase and tyrosinaserelated protein-1 are activated by wild type p53 linked UV irradiation [32] . NDGA was reported to stabilize wild type p53 protein [2] . NDGA-evoked melanogenesis may be due to the accumulation of wild type p53 protein. The role of wild type p53 in the stimulating effect of NDGA on melanogenesis has provoked much interest.
Melanogenesis can affect chemotherapy and radiotherapy for melanoma. Anna et al. has reported that the melanogenesis affects the clinical outcome in melanoma patient [5] . They have demonstrated that melanogenesis shorten overall survival and disease-free survival times in patient with metastatic melanoma. Since NDGA markedly stimulate melanogenesis in melanoma cell line, judicious use of NDGA for the therapy of human skin disease would be advocated.
In the present study, we demonstrated that NDGA could be a potent natural melanogenic inducer. Our results show that NDGA involves, at least in part, increased tyrosinase activity to enhance melanogenesis in human melanoma cells. Although the biologic impact of NDGA in human melanogenesis is still a matter of debate, NGDA may be a potential chemical to treat dermatological diseases such as vitiligo and to ameliorate poliosis. The importance of NDGA as a new medicine will be elucidated in a future study.
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